Large-scale planted forests (PF) have been given a higher priority in China for improving the environment and mitigating climate change relative to natural forests (NF). However, the ecological consequences of these PF on water resource security have been less considered in the national scale. Moreover, a critically needed comparison on key ecological effects between PF and NF under climate change has rarely been conducted. Here, we compare carbon sequestration and water consumption in PF and NF across China using combination of remote sensing and field inventory. We found that, on average, NF consumed 6.8% (37. 
2011). However, there is growing concern over the negative impacts of PF on key ecological processes (Feng et al., 2016; Huang, Zhang, & Gallichand, 2003; Jackson, 2005) . For example, monocultural plantations, a commonly adopted planting strategy in China, may lead to low ecosystem resiliency and high tree mortality due to the range of environmental stresses across the planted regions (Wang et al., 2007; Xu, 2011) . Fast-growing and high-yielding trees species usually have high water demand (Qiu, 2010; Tan et al.,2011) , and, consequently, may reduce water yield relative to native species or NF, which may have important implications for ecological functions particularly in water-limited regions. A typical example is the excessive consumption of soil water by non-native dominant species (e.g. poplar, Chinese pine) planted in the Loess Plateau (Chen, Shao, & Li, 2014; Hou, Han, & Han, 1999) . Rapid expansion of rubber plantations in southern China has also been criticized dut to their high water needs (Tan et al.,2011) and low biodiversity (Zhai, Xu, Dai, Cannon, & Grumbine, 2014) at the local scale. Eucalyptus, another fast-growing species with many of the same environmental concerns, has also been replacing primary forests to feed the paper industries in southwestern China (Qiu, 2010) . However, despite increasing recognition of these drawbacks of monoculture plantations, there is no qualitative analysis of comparison on key ecological effects between PF and NF across China (Liu, Li, Ouyang, Tam, & Chen, 2008) .
Despite the increasing area of PF, NF in China still constitutes an important proportion (~64%) of the total forests. The majority of the NF are recovering secondary forests (State Forestry Administration of China (SFA), 2014). However, these secondary NF have not been given attention regarding their role in carbon sequestration (Fang et al., 2014) and regulation of water yield (Zhou, Morris, Yan, Yu, & Peng, 2002) relative to PF. Moreover, due to the limited land resources and a changing climate, the future stability and adaptability of new PF are uncertain (Millar, Stephenson, & Stephens, 2007) . In some areas, high planting densities and species selection associated with PF have led to reduced water availability, which has incited tree decline (dwarf trees) and even death in PF of water-limited regions, such as the semi-arid Loess Plateau (Gao, Ding, Wang, Zang, & Liang, 2011; Hou & Huang, 1991; Jin, Fu, Liu, & Wang, 2011) . Also, afforestation projects implemented at temperate and high latitudes regions would offer only marginal benefits or even counterproductive effects on global-scale warming mitigation (Bala et al., 2007) , implying the questionable necessity of planting trees in northern China for climate change mitigation. Thus, comparing the differences in carbon sequestration and water consumption between PF and NF is urgently needed to manage trade-offs of their ecosystem services and to adjust national plantation strategies under future climate change (Kirilenko & Sedjo, 2007) . Further understanding of the ecological effects of PF is particularly important for China's long-term forest plantation planning and management. To achieve this goal and fill the knowledge gap, we used improved data obtained from field inventory and remote sensing images to: (a) assess carbon sequestration and water consumption in both NF and PF along a climatic gradient, and (b) evaluate the suitability of plantation and forest management activities in terms of carbon sequestration and water consumption in each climate region where these programs have been extensively implemented in China.
| MATERIALS AND METHODS
This study focused on the regions in China with extensive tree-planting programs over the past three decades ) (Supporting Information Figure S1 ). Climatically, these regions include tropical, south subtropical, mid-subtropical (MSTP), north subtropical (NSTP), warm temperate (WTEM), and temperate regions (Zheng, Yin, & Li, 2010; Supporting Information Figures S2, S3) . Cunninghamia lanceolate, Populus spp., Eucalyptus spp., Larix gmelinii, Pinus massoniana, and Pinus tabulaeformis, Cupressus funebris, Pinus elliottii Engelm., and Robinia pseudoacacia L. accounted for nearly 72% of the total planted forest areas SFA, 2014) . By contrast, NF contribute to 83% of the national forest growing stock volume (SFA, 2014) and are dominated by L. gmelinii, P. massoniana, Populus spp., C. lanceolate, and C. funebris SFA, 2009 ). NF were derived from previously published data (LiForest) and the CCVM forest map. Specifically, data for NF in the 2000s were extracted from the digitized LiForest map with the PF areas removed (Supporting Information Figure S4 ). The LiForest map was derived from Landsat (30 m) and MODIS (250 m) data, and was validated according to thematic mapper images and images from Google Earth . Other land cover types from the 2000s were classified based on 2002 MOD12C1 data, except for PF and NF defined in the prior steps (Supporting Information Figure S4 ).
| Distributions of PF and NF
Data for NF in the 1980s were extracted by overlaying the CCVM forest map and LiForest, excluding the PF identified in 1980s (Supporting Information Figure S5 ). These procedures helped to reduce errors due to different forest types and ensure consistent parameters for each pixel of the same land cover type. Forest age maps were obtained from Zhang et al. (2014) .
| Climate data
Data on daily temperature (mean, maximum, and minimum), precipitation, and relative humidity were collected from 839 meteorological YU ET AL. stations (China Meteorological Administration, https://data.cma.cn/) and were then converted into 8-day-average images at 5 × 5 km 
| Remote sensing data
We simulated gross primary productivity (GPP), evapotranspiration (ET), and potential evapotranspiration (PET) using remote sensing data and the models developed by Zhao, Heinsch, Nemani, and Running (2005) and Mu, Zhao, and Running (2011) . Remote sensing data 
| GPP and ET modeling
As previously established by Zhao et al. (2005) , the GPP product (MOD17 version 005) was affected by three input sources: MODIS land cover product (MOD12Q1), meteorological data, and FPAR/LAI data. These inputs (parameters including FPAR/LAI data) were also used in MOD16 production (Mu et al., 2011) , which would have affected the accuracy of the ET and GPP products used in this study without preprocessing. Therefore, three steps were adopted to improve the input data for ET and GPP modeling.
First, we used climate data obtained from meteorological stations instead of the Data Assimilation Office (DAO) data sets that were used in MOD17 and MOD16 production. The DAO-assimilated meteorological dataset was inaccurate under certain circumstances, because the data were not observed and contained systematic errors (Zhao et al, (2005) ). Radiation data were transformed and improved using the fourth power cosine function, as recommended in the production of MOD16 (Zhao et al, (2005) ).
Second, we adopted gap-fill algorithms (Zhao et al, (2005) ) to reduce relict contamination effects due to cloud cover (Myneni et al., 2002 ) that could impact the quality of the FPAR/LAI products.
Specifically, the MOD15A2 product has two quality control fields denoting cloud state, snow and ice presence, and the algorithm employed, which enabled us to retain reliable FPAR/LAI values (retrieved with a main algorithm such as the radiation transfer process) and to re-gapfill these unreliable pixels with a backup algorithm (i.e., the empirical relationship between FPAR/LAI and NDVI) (Zhao et al., 2014) . Therefore, a simple linear interpolation was used to replace unreliable or missing data and reconstruct reliable FPAR/LAI time series data. Then, the FPAR, LAI, and NDVI data were smoothed using the double logistic algorithm in the Timesat software (v3.2) (Eklundha & Jönssonb, 2012) , which has been widely used for vegetation index smoothing (Yu et al., 2013) .
Finally, forests were delineated from different sources of map to improve simulation accuracy. Note that misclassified land cover causes the misuse of parameters in the MOD17 Biome Parameter Look-Up Table ( BPLUT), leading to unreliable results (Zhao et al, (2005) ).
Nonetheless, a previous study reported an accuracy of 70%-80% in the MOD12Q1 land cover product (Friedl et al., 2010) , which could mask signals from spatially fragmented PF. We examined the misclassification of PF in the 2005 MODIS land cover map using PF map from the State Forestry Administration of China (SFAForest). In total, only 45.4% of the verified PF pixels were correctly classified as forest.
PF were most often misclassified, in order of frequency, as cropland, savanna, grassland, and shrubland (Supplementary Figure S7) .
| Model validation using flux tower measurements
We incorporated improved inputs, such as updated forest maps, intersensor calibrated remote sensing data, and high-resolution climate data, to reconstruct model-simulated GPP and ET, which were greatly improved over the corresponding raw MODIS products when compared against data obtained from six flux sites across China (Supporting Information Table S1 ). The reconstructed GPP and ET data were also much improved when compared with unadjusted MODIS products validated by the GPP and ET data obtained from the six flux sites (Supporting Information Figure S6 , Table S1 ). The coefficient of determination (R 2 ) increased from 0.32 (p < 0.01) to 0.78 (p < 0.001) for ET and from 0.50 (p < 0.05) to 0.90 (p < 0.01) for GPP following these improvements of the data (Supporting Information Figure S6 ). 
| Sampling approach
To examine hydrological impacts from PF and NF, we examined water yield changes derived from precipitation, ET, and PET. Specifically, absolute value of water yield was defined in this study as the difference between precipitation and ET, while relative difference forest coverage for both PF and NF (Supporting Information Figure S1 ).
Based on a theoretical framework of the Budyko curve (Budyko, 1971 ), a Budyko diagram was also applied to further compare the difference in simulated water consumptions between the PF and NF. The approach adopted is to examine the relationship between the Dryness and EI that is similar to Creed et al. (2014) .
To examine the responses of water yields in PF and NF to climate change, we modeled ET and PET using meteorological data and improved AVHRR datasets (NDVI, albedo, FPAR, and LAI) for the period of 1980s. Due to the highly fragmented distribution of PF during the 1980s, we randomly sampled 200 circular units from our database, which have PF and NF coverage of at least 10% and age differences less than 5 years.
| RESULTS

| Water consumption, carbon sequestration, and water use efficiency in PF and NF
Based on the sampled 1,000 circular units, we found that PF showed lower carbon sequestration rates (−12.5 g C m −2 growing season −1 ) and higher water consumption (+37.5 mm/growing season, 6.8% of ET in PF) than NF during the period of 2000-2012. As a result, water use efficiency (WUE) in PF was 7.9% lower than that in NF (Figure 1c ).
Nonetheless, large heterogeneities were identified among different regions in China (Supporting Information Figure S8 ). We found that ET in PF was significantly higher than in NF for MSTP (p < 0.01, Figure 1a , Supporting Information Figure Figure S8b ). Generally, WUE in PF was significantly lower than in NF for SSTP and the mid-latitude regions (e.g., MSTP, NSTP, WTEM; p < 0.01, Figure 1c ).
| Water consumption along dryness gradients
To assess water consumption, we explored water yield and climate data for 84 watersheds that have at least 20% coverage by both PF and NF (Figure 2 , Supporting Information Table S2 ). In each of the watersheds, the EI (the ratio of ET to precipitation) and the dryness index (DI, the ratio of PET to precipitation) were calculated for both Figure S9 ).
| Water consumption changes under climate change
We found that a distinct shift in the averages and ranges of water , Figure 1b) did not result in a higher WUE, which implies that higher GPP in PF occur at the cost of more water consumption in the region.
In contrast to the mid-latitude region, the lower WUE in PF in the SSTP was attributed to its lower GPP (Figure 1b) . NF in Eastern and southern China have high structural complexity, and therefore a larger resource utilization ability as compared to PF, which are dominated by needle-leaf forests (e.g. C. lanceolate, Keteleeria, P. massoniana) (Huang et al., 2012) (Figure 1b , Supporting Information Figure S2 ). By comparison, in the WTEM region, the difference in forest structure was less between NF and PF, and consequently intensive management activities (e.g., irrigation, fertilization, thinning, selective cutting) played a more important role in a higher GPP in PF (Figure 1b , Supporting Information Figure S2) . Nonetheless, such a higher GPP in PF was offset by a greater water consumption, resulting in a lower WUE in PF (Figure 1a, c) .
Interestingly, the higher ET and lower WUE in PF relative to NF for the mid-latitude regions were not found from the results derived from MODIS GPP and ET products (Supporting Information Figure S3) . We attribute this inconsistency between our simulationbased and MODIS product-based results to the misclassification of 55% of the PF pixels as non-forest land cover types in the land cover product MOD12Q1 (Supporting Information Figure S7 ), which was much lower than its averaged global classification accuracy (70%-80%) (Zhao et al, (2005) ). This low accuracy in MOD12Q1 resulted in a misuse of the BPLUT for ET and GPP calculations in the MODIS products, leading to a distortion in the perceived difference in water consumption and carbon sequestration between PF and NF. Therefore, land cover misclassification is likely a major source of error in the applications of MODIS products on various ecological processes in PF.
| The differences in water consumption along dryness gradients
The higher EIs in PF than in NF from the 84 watersheds indicates a lower water yield in PF (Figure 2 ). These differences could result from tree species, forest age, management regime, and climate change. Although more data and further study are needed (e.g., age F I G U R E 1 Comparisons of the differences between PF and NF in (a) evapotranspiration (ET) and (b) water use efficiency (WUE) in different climate regions in China. *Denotes a significant difference at p < 0.01; differences were calculated as PF-NF; error bars indicate 95% confidence intervals of the differences; TP, tropical region; SSTP, southern subtropical region; MSTP, midsubtropical region; NSTP, northern subtropical region; WTEM, warm temperate region; and TEM, temperate region. Climate regions were from Zheng, Yin, and Li (2010) . [Colour figure can be viewed at wileyonlinelibrary.com] effect needs to be excluded), these results clearly suggest that NF are more efficient in water consumption than PF, thus signifying the importance of long-term NF protection strategies and policies in China in terms of maintaining water supply.
Based on the Budyko diagram, a higher DI value implies that a greater proportion of rainfall is used for ET, leaving a smaller portion for water yield (Creed et al., 2014) .
The approach was applied to analyze the EI-DI relationship of the randomly sampled 1,000 circular units. We found that, in energy-limited areas (DI < 1, southern China), there was no significant difference in water yield between PF and NF (p = 0.62, difference = 0.003; Figure 3a , b). In water-limiting areas (DI > 1, northern and northeastern China), however, the water yield in PF kept decreasing as DI increased (Figure 3a , c).
Water yield was significantly lower in PF than in NF when DI exceeded 1 (Figure 3a , p < 0.001, difference = 0.06). Therefore, the Budyko diagram clearly showed a greater impact of PF on water yield when DI exceeded 1, indicating that plantations had a greater impact on water yield in water-limited regions than in energy-limited regions.
We further compared the sensitivity of water yield in forests in different sub-climate regions of the subtropical zone, where the most intensively forested area is located and where forests have been reported to be an high carbon sink . There was no significant difference in EI between NF and PF in the SSTP region (p = 0.55, difference = 0.005; Figure 3d) ; however, a significant difference was detected in both the MSTP and the NSTP regions (p < 0.001; difference = 0.04 and 0.07, respectively). Therefore, water yields were more sensitive to PF in the MSTP and NSTP regions than in the SSTP region (Figure 3d-f) , which is consistent with the results showing that water yield production is more sensitive to plantations with dryness increasing .
| Implications for future plantation activities
Over the past three decades, young PF have made major contributions to ecosystem services (e.g., carbon sequestration and water retention) Lu et al., 2018; Yu et al., 2014) . Despite the decreasing availability of land suitable for forestation, the expansion of PF into arid and semi-arid regions has been promoted by the Chinese government. Nevertheless, afforestation failures have been common in the past few decades in China due to improperly aggressive expansion, mismanagement, and recent exacerbating climate change impacts. The overall survival rate of trees and shrubs planted was very low in China (Jiang, 2005; Jiang, Han, & Wu, 2006; Smil, 1993; Wang, Zhang, Hasi, & Dong, 2010 (Liu et al., 2008) at a cost of 725 billion yuan (approximately $110 billion USD) from 2000 -2009 (Cao et al., 2011 Wang et al., 2007) , may lead to some levels of economic loss and In addition to the aforementioned projects, China has planned to convert 40 million hectares of non-forested land to PF by 2020 , with the objectives of restoring ecosystem functions and services and mitigating climate change. Based on the forestation costs documented in 2005 (Supporting Information   Table S3 ), more than 529 billion Chinese yuan (approximately $81 billion USD) will be spent to achieve the commitment of 40 million hectares of forestation in China by 2020. One of the challenges to this endeavor is the identification or optimization of suitable tree species and locations for afforestation and reforestation to maximize ecological and environmental benefits (Jackson et al., 2008) .
However, approximately 54% of the land available for this forestation initiative (arid and semi-arid regions) have low suitability (SFA, 2014) . The total investment in forestry programs is likely to greatly exceed the budget estimates due to logistical costs, unfavorable environmental conditions, and fragmented lands. Therefore, the impacts of large-scale PF on water use and carbon sequestra- projects should be tailored to local climate and other ecological conditions (Normile, 2007) . To achieve a high carbon sequestration potential while minimizing negative effects on the regional water balance, appropriate tree species should be selected for right locations ( Figure S10 ). Planting trees in arid and semi-arid regions (e.g., WTEM, and TEM), should be cautiously evaluated, because the average reduction in water yield is approximately 30% in these regions ( Figure S11 ). For example, the lowest reduction in water yield was found in the WTEM region (67.1 mm/year, or 30.1%), which was also the second largest percentage change among all regions (Figure S11b) . Similarly, previous studies have reported reduced water yields, from 50 mm/year (50%) in semi-arid areas to approximately 300 mm/year (30%) in tropical regions, following afforestation (Cao et al., 2011; Wang, Liu, & Zhou, 2003) . These results also imply that arid and semi-arid regions are more sensitive or vulnerable to forest planting projects, which was corroborated by the empirical observation of high water yield reduction in the water-limited region (Figures 3 and 4) .
Inappropriately planned or implemented forest plantations programs may lead to inefficient and high-cost forestry practices, as well as to potential risks and threats to the regional environment due to impacts on water resources. Thus, our results advocate for the encouragement of forest productivity and quality enhancement rather than for forest area expansion; they also underscore the need to implement informed forestation strategies by planting trees in regions with high carbon uptake potential while avoiding water-limited regions to prevent adverse ecological and hydrological consequences. However, it should be noted that more studies are needed as more potential improvements in model simulations and data samplings (e.g. removal of age effects) are made. Future research with focus on spatially explicit comparisons of carbon sequestration and water consumption abilities between NF and PF will be beneficial to more specific forest management strategies.
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